The flaviviruses West Nile virus (WNV) and Japanese encephalitis virus (JEV) are responsible for a large proportion of viral encephalitis in humans [@bib1], [@bib2]. WNV infects a wide range of avian and mammalian species, including humans. WNV has also been shown to be transmitted through blood transfusion, organ transplantation, and breast-feeding [@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8]. JEV is the single-most important cause of viral encephalitis in Asia, with case fatality rates averaging 30% [@bib9], [@bib10], [@bib11]. JEV is a major problem in South-East Asia, India, and China, where the virus is endemic. In recent years, JEV has spread to other geographic areas such as Australia and Pakistan, and has thus become an important emerging virus infection in these areas. Vaccination against JEV using a mouse brain-derived, inactivated vaccine has been shown to be very effective and has led to a decreased disease burden [@bib12], [@bib13], [@bib14]. However, there are concerns about the immunogenicity and the safety of this vaccine [@bib13], [@bib15]. A live-attenuated (SA14-14-2 strain) and a cell culture-based JEV vaccine that are produced on primary hamster kidney (PHK) cells have been licensed for use in China and have been shown to be safe and effective [@bib13]. However, since PHK is not an approved cell line for production of human vaccine, many countries will not use this JEV vaccine. Therefore, a recombinant protein-based vaccine represents an attractive alternative. The E protein of flaviviruses is the most immunogenic and suitable for the purpose of vaccine development. The protein E consists of three structural domains (DI--DIII) [@bib16], [@bib17], of which DIII contains predominantly sub-complex- and type-specific epitopes, many of which induce neutralizing antibodies [@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23]. Several vaccines based on DIII have been shown to be immunogenic and effective under certain conditions [@bib24], [@bib25], [@bib26].

The 315 nucleotides of WNV-NY99 E protein (accession no. [AF196835](AF196835), passage 5, obtained from the Health Protection Agency, Porton Down, UK) that constitute the ectodomain of DIII were BamH1 (*[caggatcca]{.ul}GGAACAACCTATGGCGTCT*) and Sal1 (*[atgtcgac]{.ul}TTTGCCAATGCTGCTTCCA*) cloned into the pTRHis2A bacterial vector (Invitrogen), upstream of the histidine repeat string. Recombinant DIII (rDIII) protein expression was induced with isopropyl-β-[d]{.smallcaps}-thiogalactopyranoside. Purification of rDIII was performed with nickel-affinity chromatography as previously described [@bib27]. Purification of the solubilised rDIII resulted in 80--90% pure fractions of rDIII (not shown), which were used in subsequent vaccination experiments. The authenticity of the purified recombinant WNV E DIII protein was confirmed by western blot analyses using a WNV monoclonal antibody (7H2; Bioreliance Corp., Rockville, USA). The rDIII protein had a molecular weight of 13 kDa, which corresponds to what has been described previously [@bib24]. To produce an inactivated whole virus vaccine, WNV was propagated in Vero E6 cells, concentrated and purified by sucrose gradient centrifugation and subsequently inactivated with β-propiolactone (BPL) in a biosafety-level 3 laboratory, using the same method as previously described for inactivation of the SARS coronavirus [@bib28]. All vaccine preparations used for primary immunization were adjuvanted with synthetic CpG oligonucleotide (ODN: TCCATGACGTTCCTGACGTT, Sigma, Haverhill, UK), which was mouse optimized [@bib29]. For booster immunizations, vaccine candidates were adjuvanted with oil (Stimune^®^; Cedi-Diagnostics, Lelystad, The Netherlands) as recommended by the manufacturer.

Immunization experiments were performed as follows: six groups of 10 mice each were immunized subcutaneously with 25 μg of the purified rDIII (groups A and B), 15 μg BPL-inactivated WNV (WNV-BPL; groups C and D), and a control vaccine (15 μg BPL-inactivated rabies; groups E and F). Animals were immunized first with 25 μg of ODN adjuvanted vaccine on day 0 and boosted with the same oil-adjuvanted vaccine on day 14. To determine the virus-specific IgG response upon vaccination, an enzyme-linked immunosorbent assay (ELISA) was developed using WNV-NY99 or JEV-Beijing-1 strains as antigens. To this end, purified virus was solubilised (end-concentration 250 μg/ml) in PBS containing 4% (w/v) Mega-10 (Sigma, Zwiijndrecht, The Netherlands) and microtitre plates (Costar, Cambridge, MA, USA) were coated with 2 μg total protein (diluted in PBS) per well. Twofold dilutions of sera (1:25--1:3200) were prepared in PBS containing 0.2% (w/v) bovine serum albumin, 0.1% (w/v), dry milk powder and 3% (w/v) sodium chloride (Sigma, Zwijndrecht, The Netherlands). Virus specific IgG was measured using a HRPO labeled goat-anti-mouse (1:1000; Dako, Glostrup, Denmark). Titers were expressed as the reciprocal of the highest serum dilution with OD~450 nm~ values higher than three times the background OD~450 nm~ value. Titers \<50 were considered negative based on cutoff values established with sera from mice naïve towards WNV or JEV. After primary vaccination, some mice in groups A--B developed low IgG antibody titers (50) against WNV, and no titers against JEV, whereas, some animals in groups C--D developed IgG antibody titers (range: \<50--200) against WNV, but no antibody titers to JEV. It is worth realizing that 2 weeks post-primary vaccination, mainly low affinity antibodies are produced, which could explain why no cross-reactive antibodies were measured against JEV. After booster vaccination, IgG titers to WNV increased to 880 ± 130 in groups A--B and up to 8800 ± 1416 in groups C--D. Titers to JEV increased to 540 ± 90 in groups A--B and up to 1520 ± 221 in groups C--D. None of the mock-vaccinated animals developed specific antibody titers.

To determine virus neutralizing (VN) antibody titers, serial twofold dilutions of heat-inactivated mouse sera were incubated with 100 TCID~50~ of WNV or JEV and VN titers were expressed as the reciprocal of the highest serum dilution still giving 100% suppression of cytopathic effect. After primary immunization, low VN titers were measured against WNV in some of the vaccinated mice ([Fig. 1A](#fig1){ref-type="fig"} ). No VN titers were measured against JEV ([Fig. 1B](#fig1){ref-type="fig"}). After booster, all animals developed high VN titers against WNV, but cross-neutralizing antibody titers measured against JEV ([Fig. 1B](#fig1){ref-type="fig"}) were lower than against homologous virus ([Fig. 1A](#fig1){ref-type="fig"}). In the method that we have used to solubilize rDIII inclusion bodies prior to purification, renaturation was a critical step, since correct folding of DIII determines the formation of neutralizing epitopes [@bib18], [@bib30], [@bib31]. The observation that mice vaccinated with rDIII developed neutralizing antibodies against homologous WNV and heterologous JEV, indicates that using this procedure at least a portion of the solubilised rDIII folded correctly. However, targeted experiments are needed to prove that renaturation was successful and to determine the percentage of solubilised proteins that folded correctly.Figure 1Neutralizing and cross-neutralizing antibody responses to WNV or JEV following vaccination with ODN-adjuvanted (first) and oil-adjuvanted (second) vaccines. Antibody titers in sera collected from individual animals at days 0, 14, and 42. Logarithms of the mean titers and 95% confidence intervals are indicated. ND: not detected; groups: A + B (●); C + D (▴); E + F (■).

At day 42 animals from groups A, C, and E were challenged intra-peritoneally with a lethal dose of WNV-NY99 (1 × 10^6^ TCID~50~) and animals in group B, D, and F were challenged intra-peritoneally with a lethal dose of JEV-Beijing-1 (1 × 10^4^ TCID~50~). All mock-vaccinated mice (E and F) showed more than 15% body weight loss ([Fig. 2](#fig2){ref-type="fig"} ) and died within 11 days p.i., irrespective of the virus that was used for challenge infection ([Fig. 3](#fig3){ref-type="fig"} ). Mice vaccinated with rDIII and challenged with WNV (A) or JEV (B) were protected against weight loss at a degree comparable to WNV-BPL vaccinated animals ([Fig. 2](#fig2){ref-type="fig"}), indicating that rDIII provided significant protection of C57BL/6 mice against developing weight loss. The survival rates of five animals in each group were also monitored after lethal challenge with WNV or JEV ([Fig. 3](#fig3){ref-type="fig"}). Survival rates of 80 (4/5) and 60% (3/5) were observed in groups A and B, respectively, whereas rates of 100 (5/5) and 80% (4/5) were seen in groups C and D. The differences in survival curves between groups were analyzed with the logrank test incorporated in the GraphPad Prism Version 4 software (Graphpad Software, San Diego, USA). The test uses the complete survival-curve for comparing groups. Values of *P*  ≤ 0.05 were considered to be statistically significant. The differences between groups A and E and between groups C and E were statistically significant (*P*  = 0.009 and *P*  = 0.002, respectively). Similarly, significant differences were measured between groups B and F, and between groups D and F (*P*  = 0.043, 0.008, respectively). When groups A and C were compared, no significant difference in survival rate was observed (*P*  = 0.51), indicating that the efficacy of rDIII-based vaccine was similar to the WNV-BPL vaccine in protecting mice against lethal WNV challenge.Figure 2Loss of body weight of vaccinated mice after challenge with WNV or JEV. Vaccinated mice were challenged intraperitoneally with 10^6^ TCID~50~ WNV (A) or 10^4^ TCID~50~ JEV (B). After challenge mice were weighed daily. Percent body weight per group was calculated compared to the body weight at the time of challenge. Groups: A + B (●); C + D (▴); E + F (■).Figure 3Kaplan--Meier survival curves of vaccinated mice after challenge with WNV or JEV. (A) Groups of five mice were challenged with 10^6^ TCID~50~ of WNV-NY99. The number of mice surviving was recorded daily. (B) Groups of five mice were challenged with 10^4^ TCID~50~ of JEV-Beijing-1. The number of mice surviving was recorded daily.

Five mice in each group were sacrificed on day 8 p.i., which is the timepoint at which the first signs of paralysis appeared in the mock-vaccinated animals, and brains were collected for virus titration. High WNV (average: 10^5.2^  TCID~50~/g brain) and JEV (average: 10^5.7^  TCID~50~/g brain) titers were detected in the brains of groups E and F, respectively ([Fig. 4](#fig4){ref-type="fig"} ). Only one out of five mice in group A had detectable WNV (10^1^  TCID~50~/g brain), while two out of five animals in group B had detectable JEV (10^1^ and 10^2^  TCID50/g brain, respectively).Figure 4Virus titers in brain of mice after challenge with WNV and JEV. Vaccinated mice were challenged intraperitoneally with (A) 10^6^ TCID~50~ WNV-NY99 and (B) 10^4^ TCID~50~ JEV-Beijing-1. On day 8 p.i., five mice were sacrificed, brain tissues were collected and virus titers were determined in Vero E6 cells. The mean virus titer per group was calculated. Error bars indicate the standard deviation.

DIII proteins are highly conserved between several WNV strains. The WNV strain used in this study (WNV-NY99) shared overall amino acid identity and similarity values with the JEV-Beijing-1 strain of 81 and 94%, respectively, which explains the level of protection against lethal WNV and JEV infection seen in mice. DIII functions as a receptor-binding domain [@bib32], [@bib33], forming a continuous polypeptide segment that can fold independently. Certain mutations within DIII have been shown to affect virulence and tropism of flaviviruses [@bib27], [@bib34]. rDIII is a stable protein, and therefore is an attractive candidate to be used as a subunit vaccine. The lack of glycosylation of the protein during expression in prokaryotic cells most likely did not affect its antigenicity since native DIII is not glycosylated as well. Recombinant DIII of JEV and dengue virus has been shown to be immunogenic and protective in mice challenged with the respective virulent viruses [@bib25], [@bib26], [@bib35], [@bib36], underlining the suitability of DIII-based vaccine formulations against flaviviruses. Our survival results are consistent with a recent study that showed the efficacy of DIII in protecting BALB/c mice against intracerebral challenge with WNV and JEV [@bib24]. In this study, however, mice were vaccinated with 100 μg rDIII adjuvanted only with CpG. The relatively high concentrations of rDIII needed for induction of neutralizing antibody responses may indicate that rDIII is poorly immunogenic. More experiments are needed to determine the percentage of solubilised proteins that folded correctly and how the purification procedure used in our study may affect immunogenicity of rDIII.

Collectively the results obtained in the present study indicate that DIII is a promising well-defined vaccine candidate that in combination with a good adjuvant can be used for the induction of protective immunity against WNV and JEV. Although the WNV-BPL vaccine was more immunogenic and resulted in better protection than the DIII-based vaccine, it did not result in statistically better results, indicating similar efficacy of the two vaccine formulations against WNV. Therefore further evaluation of this DIII-based vaccine in other mammalian species, including humans seems warranted.
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